Abstract Evaluating the 2014 El Niño forecast as a "bust" may be tapping into a bigger issue, namely that forecast "overconfidence" from single-model ensembles could affect the retrospective assessment of El Niño-Southern Oscillation (ENSO) predictions. The present study proposes a new approach to quantifying an "expected" spread and uncertainty from noise-driven processes and supplementing these measures with actual ENSO forecasts. Expanding on a previously developed coupled model framework that isolates noise-driven ENSO-like errors, an experimental design is implemented to generate an expected December Niño-3.4 spread from March initial condition sea surface temperature errors that have similar structure to the 2014 and 2015 observed. Results reveal that the 2014 ENSO forecast falls within the expected uncertainty generated by ENSO-independent, forecast-independent, noise-driven errors.
Introduction
Many dynamical forecast models predicted a 2014 El Niño event. Yet despite the moderate sea surface temperature (SST) warming that was observed, the 2014 forecast is often described as a "busted" forecast. The question that arises is of practical importance-was 2014 actually a bust or is the usual method of calculating ensemble spread (defined below) underestimating forecast uncertainty and by extension, affecting the retrospective evaluation of El Niño-Southern Oscillation (ENSO) predictions?
A continuing challenge in ENSO prediction is determining how the range of possibilities for a forecast can be better represented without requiring increasingly more ensemble members [Kumar and Hoerling, 2000; Kumar et al., 2001] . In particular, single-model ensembles often produce too small of spread or "overconfidence" [e.g., Buizza and Palmer, 1998; Richardson, 2001] . One method of tackling this issue is the implementation of multimodel ensemble prediction systems, including the North American Multimodel Ensemble (NMME) and other modeling groups [e.g., Doblas-Reyes et al., 2000; Palmer et al., 2004] . Ensemble predictions combined from multiple models increase forecast diversity and provide a better estimate of uncertainty owing to model formulation [Kharin and Zwiers, 2002; Palmer et al., 2004; Kirtman et al., 2014] . Nevertheless, there persists a need to develop alternative approaches to represent uncertainty for singlemodel ensembles as well, because individual models provide the basis for the multimodel ensemble forecast spread and the number of ensemble members provided is often financially limited.
The present study proposes a new approach to assigning ensemble spread to single-model ensembles in an attempt to better represent an "expected" uncertainty generated by noise-driven errors. Error growth behavior is often model dependent and requires a model-by-model approach to diagnosing not only systematic biases that are studied extensively in the literature [e.g., Guilyardi et al., 2009; Bellenger et al., 2014] but also dynamically driven errors that are difficult to isolate in complex coupled models. The present effort is based on the quantification of dynamically driven error growth for seasonal ensembles using a recently developed National Center for Atmospheric Research Community Climate System Model, version 4 (CCSM4), approach [Larson and Kirtman, 2015; hereafter LK15] . The experimental design isolates noise-driven coupled instability error growth that is independent of the ENSO cycle. Expanding on the LK15 methodology, we examine the question-how much forecast spread is expected from noise-driven error growth for the 2014 and 2015 CCSM4 NMME forecasts?
The fundamental assumption is that we are considering error growth independent of the ENSO cycle, which includes both the classical equatorial SST structure and the subsurface heat content precursor [Cane et al., 1986; Meinen and McPhaden, 2000; McPhaden, 2003] . The introduction of errors to the system is due to intrinsic ENSO-independent perturbations, either present in the initial conditions or occurring stochastically later in the evolution. Note that all measures of spread are defined as the average deviation about the ensemble mean. [Chiang and Vimont, 2004] SST anomaly signatures, an ENSO-independent intrinsic mode of variability also present in the LK15 ensembles and a potential source of ENSO forecast error due to PMM's robust precursor relationship with ENSO. The relationship is highlighted in model, observational, and dynamical forecast studies [Chiang and Vimont, 2004; Chang et al., 2007; Zhang et al., 2009; Kirtman, 2013, 2014] . Last, both forecasts predict December El Niño larger than 1.5°C from PMM initial conditions.
Figures 1c and 1d show the CCSM4 March initialized Niño-3.4 anomaly forecasts with 10 ensemble members (gold), ensemble mean (black solid), forecast spread (grey polygon), and the observed Niño-3.4 index from the National Center for Environmental Prediction Climate Prediction Center (CPC; black dashed). To be clear, "forecast spread" is computed from the actual CCSM4 initialized forecasts, whereas "expected spread" is the proposed supplemental spread discussed below. The 2015 observed Niño-3.4 evolution falls within the forecast spread, and thus far, is on track to verify, albeit the final amplitude may vary from that predicted by this particular model (2.33°C in December). On the other hand, observed 2014 Niño-3.4 sits well below the forecast spread and verifies at 0.78°C as compared to the ensemble mean forecast of 1.67°C. So was 2014 a "bust" or does 0.78°C fall within the expected spread generated via noise-driven processes in CCSM4, despite the December forecast spread spanning only 1.16-2.17°C?
The 2014 and 2015 forecasts both predict El Niño from PMM-like initial conditions ( Figure 2 ). Depicted are the 0.5-month lead CCSM4 ensemble mean March SST anomaly forecasts and are considered close proxies for the initial condition. In earlier versions of the NMME models (i.e., phase 1 models), strong positive projections of PMM in the 0.5-month lead March initialized forecasts correctly predict a Niño-3.4 forecast that falls within the upper tercile 49% of the time, which is moderately larger than the 33% expected from randomness [Larson and Kirtman, 2014] ; therefore, the 2014 and 2015 El Niño forecasts are not particularly surprising.
Since PMM predicts El Niño with some skill in the dynamical forecasts, then PMM-like initial errors could have an impact on ENSO forecast error.
Model Experiment and Results
As previously mentioned, we expand upon the LK15 model framework, specifically utilizing their March initialized error growth ensemble. The ensemble consists of 60 members each branched from different March 
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initial conditions originating from the same base simulation named the Climatological Wind Experiment (CWE; see LK15 for more details). CWE is a mechanically decoupled CCSM4 simulation. Mechanical decoupling is achieved by forcing the ocean component with CCSM4 daily climatological wind stresses while allowing the atmosphere to respond freely without constraint.
Since tropical interannual SST variability is largely wind-driven whereas extra-tropical variability is influenced more by thermal fluxes [Neelin et al., 1994] , mechanically decoupling the atmosphere and ocean considerably reduces SST variability in the tropics only. The extratropics are less impacted. Without dynamic wind stress support, the ENSO cycle, large subsurface heat content precursors, and coupled instabilities along the equatorial Pacific are all unsupported in the CWE; therefore, there is no ENSO cycle or subsurface precursors in the initial conditions of the 60 ensemble members. The only perturbations are intrinsic to the system and are dynamically decoupled as per the experimental design. There is practically no interannual SST variability in the ENSO region in the CWE. As a result, overlying atmospheric wind variability is damped by 80% throughout the tropical Pacific compared to a CCSM4 control simulation. Essentially, equatorial Pacific wind perturbations are small and ENSO-independent in CWE. The 60 cases are initialized in March by essentially "turning the coupling back on" (i.e., no longer overriding the atmospheric wind stresses with climatology) to allow for the activation of coupled instabilities via interaction between the perturbations at the air-sea interface, which are treated as errors in the initial condition. Figure 1a shows that several members generate largely warm or cold biased Niño-3.4 SST error growth whereas others remain fairly neutral.
CWE is a free-running simulation, so each member is branched from sequential March initial conditions occurring 1 year apart. In LK15, 10 cases grow noticeably warmer than the other 50, exceeding 1 standard deviation of Nino-3 in December. To discount possible decadal variability that previously went undetected and allow for the maximum amount of model spinup, only the subset of the 10 cases branched from the last 30 year period of the CWE are selected. This results in the selection of the six warm biasing cases as shown in Figure 1a (black bold). We use only the ocean initial conditions from these six cases, referred to as Ocn1-6. The day 1 SST errors from Ocn1-6 and the ensemble mean are shown in Figure 2 . All members show some extent of a PMM-like projection; thus, each member is considered having PMM-like errors in the initial condition. This type of structure is desirable to test how errors may grow if error exists in PMM amplitude or structure. The six-member subset is well representative of the 10 warm biasing cases because 9/10 of the day 1 SST errors have PMM-like errors in the initial condition. The fact that the PMM is active in the CWE provides strong confirmation that PMM is ENSO-independent as originally argued in Chiang and Vimont [2004] .
To test the sensitivity of the ocean perturbations to atmospheric noise, (i.e., errors in the atmospheric initial conditions) the six initial ocean conditions are each paired with six different atmosphere initial conditions from LK15 members that bias cold. These atmospheres are chosen to ensure that the atmospheric noise is 
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entirely decoupled in terms of both buoyancy and momentum fluxes because initial SST error structures can be similar (Figure 2) . A total of 36 combinations comprise the PMM error ensemble.
How much scatter can be expected from PMM-like errors in the initial condition SST? Figure 1b shows the Niño-3.4 error swath for the PMM error ensemble. The range of possibilities of December Niño-3.4 error from PMM-like initial errors is large, spanning À0.65-2.57°C with little clustering around a particular final error value. Despite the large spread, the errors are clearly biased warm. This suggests that PMM-like perturbations in the initial condition can shift the distribution warm, implying an increased probability of El Niño. Nevertheless, the noise-driven scatter demonstrates how sensitive March is to noise-driven perturbation growth that affects December ENSO verification (i.e., large expected spread) thus suggesting large forecast uncertainty for these longer lead times.
The PMM error ensemble produces a noticeably larger spread (À0.11-1.72°C) than the forecast spread computed from the CCSM4 forecasts (grey polygons in Figures 1c and 1d ). Other thresholds are computed, including averaging the most extreme three, six, and nine ensemble members that bias warm or cold, respectively the 8%, 17%, and 25% levels (Figure 1b) . Note that this method may still be underestimating the expected spread as we selected only members that originally bias warm in LK15. A few members have PMM-like initial errors but bias cold instead. The chosen members begin a warm biased trajectory that continues through December, apart from seasonal waxing and waning of the growth rate. Nevertheless, the present method of choosing only six ocean base cases proves to produce a large range of possibilities including members that bias slightly cold. Most importantly, the PMM error ensemble clearly generates a larger expected spread than the actual forecast spread for either 2014 or 2015.
Since the noise-driven scatter from PMM-like errors is large, does this measure of ENSO-independent expected spread change our evaluation of the 2014 forecast? The expected spread and uncertainty thresholds in Figure 1b are added to the 2014 and 2015 ensemble mean forecasts (Figures 1c and 1d ). For 2014, observed Niño-3.4 still sits below all uncertainty thresholds during summer, but the final amplitude (0.78°C) falls within the 25% expected threshold (0.51-2.87°C) and is within the lower bounds of the expected spread (0.75-2.58°C), meaning that even though the observed amplitude sits below the forecast spread (1.16-2.17°C), it is an unsurprising outcome when considering the expected noise-driven scatter. This shows that ENSO-independent, noise-driven processes alone can produce large spread and perhaps, the expected spread is a better representation of the uncertainty.
We emphasize that noise-driven scatter is present in the forecast spread, but because of the small ensemble size, the forecast spread does not adequately represent the forecast uncertainty at longer lead times. We also stress that we are not suggesting the removal of the forecast spread polygon, but the addition of an expected spread or uncertainty threshold from noise-driven processes that can serve as a benchmark for expected uncertainty from the stochastic component of coupled system. The benefit being that this approach does not require an increase of forecast ensemble size, but a diagnostic assessment of the noise-driven error behavior away from the forecast setting. Expected spread and uncertainty thresholds can be applied to each forecast, thus providing a measure of spread that is independent of the forecast itself. This way, even if single-model ensemble overconfidence is evident in the forecast spread, a reality check of the potential spread from noisedriven errors is available to supplement the "expert assessment" of the model forecast.
Discussion
Ensemble spread is an important estimate of forecast uncertainty and assigning confidence in ENSO predictions requires an expert assessment that may benefit from measures of uncertainty besides forecast spread alone, which can be affected by ensemble size. Quantifying the expected noise-driven spread in fully coupled models that are used in real-time seasonal predictions is essential to providing a forecast-independent measure of the possible uncertainty that can occur. LK15 present a coupled model framework to isolate such error growth for single-model ensembles.
The present study expands on the LK15 experimental design to produce an expected noise-driven spread for the March initialized 2014 and 2015 CCSM4 NMME predictions of December Niño-3.4. The initial conditions of both forecasts contain PMM SST signatures and predict December El Niño. A PMM error growth ensemble is constructed from six ensemble members that originally bias warm in the LK15 March error ensemble, each also having PMM-like errors in the initial conditions. The constructed ensemble is essentially a sensitivity test, pairing each base ocean with six different atmospheric noise initial conditions.
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In reality, the 2015 prediction, so far, appears realistic, whereas the 2014 prediction is often discussed as a bust. Based on the expected spread produced by the PMM error ensemble, we argue that the observed 2014 December Niño-3.4 warming falls well within the expected uncertainty for noise-driven error growth originating from the interaction of atmospheric noise with PMM-like errors in the initial condition SST.
We are not suggesting that a new error ensemble must be constructed for each actual forecast but merely demonstrating that the expected spread from initial SST errors with similar structures as the March 2014 and 2015 initial conditions used in the real-time CCSM4 NMME forecasts is large for longer lead times. In fact, the spread in the PMM error ensemble (Figure 1b ) is similar to that in the original LK15 March error ensemble (Figure 1a) , suggesting that the expected spread is similar for differently constructed noise-driven error ensembles, as long as the initial conditions are ENSO-independent. Thus, the spread of the LK15 ensembles suffice as a benchmark for expected spread from noise-driven processes alone in CCSM4. In this case, more information is gained by using ocean base members with PMM-like initial errors, including that the presence of PMM-like perturbations in March can increase the probability that El Niño will occur (i.e., the warm bias), but does not guarantee it due to the large sensitivity of the coupled system to perturbations in March (i.e., large expected spread).
The present study is only looking at error growth that is independent of the ENSO cycle. The expected spread may change if an ENSO cycle is present in the initial condition and is a topic worth investigating as it has potentially large practical benefits for the assessment of forecast uncertainty. We are actively developing and implementing an experiment design to test this distinction.
